We have found conditions for the reproducible, direct laser fabrication of sharp conical tips with heights of about 1 m and apical radii of curvature of several tens of nanometers. An individual cone is formed when single-crystalline silicon on a silica substrate is irradiated with a single pulse from a KrF excimer laser, homogenized and shaped to a circular spot several microns in diameter. Atomic force microscopy and field-emission scanning electron microscopy were used to characterize these structures. A simple mechanism of formation based on movement of melted material is proposed. Our results suggest that this technique could produce even smaller structures by optimizing the laser processing geometry. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1762978͔
The interaction between high-intensity pulsed laser radiation and solids results in materials changes that are of great technological importance and scientific interest. The processes involved in such interactions are complex and usually nonequilibrium 1 due to high heating/cooling rates, large temperature gradients, and a variety of chemical and photochemical transformations.
1,2 These processes and their interplay are often poorly understood, and therefore systematic studies of laser irradiation of materials as a function of all parameters involved are essential.
Reliable, simple, and low-cost techniques for fabrication of micro-and nano-tips of silicon and other semiconductor and metal materials are desirable in a number of technological applications. These include probes for scanning probe microscopy techniques, emitters for field-emission-based devices such as high-definition displays 3, 4 and other vacuum microelectronics applications. 5 There is also a considerable amount of ongoing research on surface patterning of materials for biomedical applications, [6] [7] [8] which could also benefit from new developments in the laser fabrication.
Laser fabrication techniques that utilize high-energy ultraviolet ͑UV͒ excimer lasers with large-area homogenized beam cross sections can provide the advantages of high resolution, high throughput, uniformity, highly localized heating, simplicity, and reproducibility. In addition, combinations of laser techniques with other established technological steps could evolve into new, more flexible technologies. Multiple femtosecond pulses of near-IR radiation ͑Ti:sapphire, ϭ800 nm) have been reported to produce random arrays of Si tips with heights of more than 10 m 9 when irradiating bulk Si wafers with laser spots of diameter of 0.2 mm in reactive gas ambients (Cl 2 or SF 6 ). Remarkable Si columns with heights from several micrometers to several tens of micrometers and widths of several micrometers have been produced by multiple-pulse, large-spot, nano-second KrF ( ϭ248 nm) 10 and ArF (ϭ193 nm) 11 laser irradiation of Si wafers in oxygen and oxygen-containing ambients, whereas irradiation in SF 6 atmosphere has produced structures somewhat similar to those reported in Ref. 9 . Random arrays of conical microstructures have also been produced upon nanosecond, multiple-pulse visible ͑Cu-vapor laser, ϭ510.6 nm) laser irradiation of single-crystal Si and Ge in vacuum and air. 12 Conditions for nano-structuring of Si surfaces have been identified in a study of the irradiation of bulk Si as a function of the number and the fluence of the applied KrF excimer laser pulses in different gas environments. 13 In all of the above-mentioned cases, bulk single-crystal Si wafers were subjected to multiple-pulse, large-laser-spotarea irradiation and there was little or no control over the exact shape and location of the fabricated structures. Here, controllable fabrication of conical Si tips with heights of about 1 m and an apical radius of curvature of several tens of nanometers is presented. Spatially homogenized, single pulses of radiation from a KrF excimer laser (ϭ248 nm, Lambda Physik model LPX 205i͒ were used to image pinholes onto uniformly illuminated circular spots on the sample surface by means of a projection system with a demagnification factor of 8.9 and a resolution limit of 2 m. The laser pulse energy was measured to be reproducible within 5%. In all cases discussed in this work a pinhole mask with a diameter of 50 m was used to produce a laser spot with a diameter of 5.6 m at the sample surface. The samples were commercially acquired silicon-on-insulator ͑SOI͒ wafers that consisted of 200 nm ͑100͒ single-crystal Si bonded to a silica glass substrate. The laser processing was performed in ambient, clean-room conditions, and the sample surface topography was then examined by contactmode atomic force microscopy ͑AFM͒ on a Park Autoprobe LS AFM system using Contact Ultralever ® tips. Gold-coated samples were imaged by field-emission scanning electron microscopy ͑FESEM͒ on a JEOL JSM 6300F electron mia͒ Electronic mail: dgeorgie@eng.wayne.edu APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 24 14 JUNE 2004 croscope at an accelerating voltage of 5 keV and a sample tilt of 60°relative to the electron beam. An AFM image of a tip fabricated by a single pulse at a fluence of 1.5 J/cm 2 is shown in Fig. 1 . The z scale of the image has been expanded by a factor of 4 to better show the size and shape and of the tip and the changes in the surrounding irradiated area. One observes a round and relatively flat circular depression, the diameter of which roughly corresponds to the size of the laser spot. This depression is about 40 nm below the original surface, and an almost-conic tip with a base of diameter of 1.5 m and height of 1 m appears in the center of the depression. The apparent radius of curvature of the tip apex is about 50 nm as estimated using the AFM scan. This apparent radius is in good agreement with the FESEM image of a tip fabricated under the same conditions and shown in Fig. 2͑a͒ . Because the samples were coated with gold prior to the FESEM work, the actual tip is most likely even sharper than what we see in Fig. 2͑a͒ . Also, the Ultralever® tips have a radius of curvature of 10 nm and cone half angle of 15°. Thus the 50 nm radius of curvature in the AFM image, being a result of a convolution of the laser-formed cone shape and AFM tip shape, is also an overestimation. We have found that no observable changes occur in the sample upon applying single or small number of pulses with fluences of less than 0.8 J/cm 2 . When pulses with fluences above 2.0 J/cm 2 are used, a submicron hole through most of the Si film thickness develops in the center of the tip and the base of the tip widens. The formation of such subdiffraction-limited ͑supper-resolution͒ ablation holes in SOI and other thin-film systems was reported recently. . A reduction in the apical radius of curvature, estimated to be about 30 nm in this case, is clearly seen. The diameter of the depression around the tip is also slightly reduced compared to the 1.5 J/cm 2 case. Figure 2͑c͒ shows a 3ϫ3 array of tips fabricated by consecutive 1.5 J/cm 2 single pulses applied after translation steps with the sample-supporting XYZ stage. This figure demonstrates the reproducibility of the fabrication process and its potential for obtaining very dense arrays of large number of such tips, for example, by using a mask with multiple finely spaced pinholes.
The exact mechanism of the formation of the nano-tips is not known. We have found that the thin-film configuration and the interplay of material properties of the film and the substrate are essential for the formation of the tips. We irradiated bulk Si wafers under conditions identical to those applied to the SOI samples ͑single and small number of pulses with fluences in the range of 0.8 -2.0 J/cm 2 ͒ and found no observable changes. It appears that limiting the dissipation of heat from the laser-heated spot to predominantly lateral, i.e., two-dimensional (2D) transfer within the Si film is a crucial condition. In our case, such a 2D heat transfer pattern results from the considerably lower thermal conductivity of the silica substrate compared to that of Si. Another important factor is that Si has higher density (ϭ2.52 g/cm 3 ) in its liquid state than in its solid state (ϭ2.32 g/cm 3 for crystalline Si and ϭ2.2 g/cm 3 for amorphous Si͒. 15 Under the conditions of irradiation, the depth of melting of bulk silicon ; ͑b͒ a tip fabricated by a single pulse with fluence of 1.25 J/cm 2 ; ͑c͒ a 3ϫ3 array of tips fabricated consecutively by single 1.5 J/cm 2 pulses. The surface texture observed in the high-magnification images ͑a͒ and ͑b͒ is due to the structure of the Au coating.
would be more than the thickness of the film ͑see Ref. 15͒ . This means that the silicon under the irradiated spot is melted and then rapidly self-cools and solidifies. It is the dynamics and the geometry of this solidification process, in our opinion, that is responsible, at least as a first approximation, for the formation of the tips. Due to the lateral heat dissipation, the edges of the spot are more rapidly cooled and have lower temperature than the spot's central region. Thus the freezing front moves from the edges to the center and pushes the remaining liquid silicon toward the center. This process of fast displacement of liquid silicon toward the center is strongly enhanced by the fact that the solidified material occupies larger volume. It results in the formation of a jet, or a nano-jet ͑much like cumulative jets known to be formed in explosions when a charge is shaped as a hollow cone͒, of liquid that erupts and, upon complete solidification, forms these remarkable sharp conical tips. A similar mechanism of movement of melted material in the process of laser annealing of germanium, which results in formation of laserinduced surface gratings, has been proposed in Ref. 16 . Our analysis of the AFM data shows that the volume of the film is practically preserved-there is a volume reduction of 1%-3%, which is due either to a small amount of evaporation or to the limitations of the AFM data. This observation is compatible with the above-mentioned idea for the formation of the tips. It also suggests than no considerable oxidation takes place as a result of the laser processing. Oxidized silicon would occupy a considerably larger volume, up to 44% greater for SiO 2 , opposite to what we observe.
In conclusion, we report on the formation of sharp nanotips on thin films of silicon by single-pulse, micrometer-spot, excimer laser irradiation in ambient conditions. A simple mechanism of formation based on nano-jet movement of melted material is suggested. We believe it is justified to expect that further studies of this phenomenon as a function of the laser radiation parameters as well as the geometry of the experiment (i.e., laser spot size and film thickness) on SOI samples and other thin-film systems will generate important results that could be the basis of new micro-and nanofabrication schemes, not limited only to sharp tips and nanosized ablation holes.
